We measured the electromagnetic stress-induced local strain distribution on a centimeter-sized parallel-plate metallic resonant unit illuminated with microwave. Using a fiber interferometer, we found that the strain changes sign across the resonant unit, in agreement with theoretical predictions that the attractive electric and repulsive magnetic forces act at different locations.
often complicated by thermal effects that can dominate the mechanical response [22, 24] .
To our knowledge, the local EM stress exerted on a resonating unit of a metamaterial has not yet been measured.
In this Letter, we report measurement of the deformation of a system consisting of centimeter-sized gold parallel plates induced by the time-averaged EM stress of incident microwave. The local deformation is measured by scanning a fiber interferometer across the top plate. We distinguish contributions of the EM stress induced by the microwave from thermal effects that generate an additional phase lag in the mechanical vibrations [31] . The measured EM strain distribution is found to change sign across the plate, in agreement with theoretical predictions [28] that the attractive electric force and the repulsive magnetic force are concentrated at different locations. At the microwave resonance frequency, the net EM force on the plate is enhanced by a factor of ∼20 relative to the conventional radiation force while the enhancement of EM stress reaches a factor of >600.
Figure 1(a) shows the parallel-plate resonant unit in our experiment. It consists of a thin plate of thickness 68 µm made entirely of gold and a copper bottom plate that is much thicker (1 mm) and uniformly coated with 1.2 µm gold. Both plates measure 10 mm by 10 mm in the x-y plane. As assembled, the gap between the two plates is ∼90 µm, defined by a cylindrical silicon column of radius 500 µm that is glued to the two plates. The two plates serve as the resonant cavity that confines the EM field. Only the thin top plate shows detectable deformation. Two rods are connected to the left and right edges of the thick bottom plate [ Fig. 1(a) ], providing mechanical support as well as paths for conducting away the heat generated when the microwave radiation is turned on, as we will describe later.
As shown in the bottom part of Fig. 1(b) , a microwave horn is placed 5 mm below the bottom plate. It emits microwave with electric field, magnetic field and wave vector along the x, y and z directions, respectively. At resonance, the EM energy stored between the two plates attains a maximum. Figure 1(c) shows the calculated magnetic field and electric field in the gap for the antisymmetric mode of the cavity where anti-parallel oscillating currents are generated on the two plates due to the time-varying magnetic flux in the y direction.
Because of the current flow, opposite charges accumulate periodically on the edges of the plates, as shown in Fig. 1(b) . The anti-parallel currents generate a repulsive magnetic force near the middle of the plates while the opposite accumulated charges lead to an attractive electric force near the edges. Previous works focused on the enhancement of the net force that results from the incomplete cancellation of the time-averaged attractive electric and repulsive magnetic forces [22] . Our goal here is to measure the local stress, and to demonstrate that local forces can achieve even stronger enhancement by exploiting the different spatial distribution of the electric and magnetic forces. Calculations (Supplementary Information) indicate that the maximum stress is enhanced by a factor of more than 600 times over the ordinary photon pressure, compared to the enhancement factor of about 20 for the net EM force. Figure 1(d) shows the calculated deformation of the plate in response to the stress exerted by the EM field. With the center of the plate fixed by the supporting post, the left and right edges bend downwards due to the electric force while the top and bottom edges bend upwards due to the magnetic force. A fiber interferometer working at wavelength of 1550 nm is used to measure the deformation at different locations across the plate (Supplementary Information). As shown in Fig. 2(a), the device and the microwave horn are scanned along the X-Y direction by positioners.
By maximizing the mechanical response, the microwave resonance frequency of the parallelplate system is determined to be 14.57 GHz. The intensity of the microwave radiation is modulated at ω, generating a periodic stress on the top plate. Vibrations of the top plate leads to periodic modulations of the reflected light intensity in the fiber interferometer. The light intensity is measured with a photodetector, the output of which is connected to a lockin amplifier referenced at ω. Measurements are performed at room temperature and pressure
The equation of motion for the top plate is [32] :
where A( r, t) is the local displacement perpendicular to the substrate, ρ is the mass density, h is the thickness of the plate and γ characterizes the damping.
] is the flexural rigidity, with Y g being the Young s modulus and ν being the Poisson ratio. Since the radius of the silicon stub supporting the plate is much smaller than the plate width, we consider free vibrations of the plate with a nodal point at the plate center. For periodic excitation P ( r, t) = P 0 ( r) cos(ωt) at a modulation frequency ω, A( r, t) is given by:
where U ( r) and V ( r) are the spatial distribution of the amplitude of vibrations in-phase and out-of-phase with P . The response of the plate can be written as a linear combination of all the normal modes:
where ω n and Q n = ρhω n /γ are the resonance frequency and the effective quality factor of the n th mode, respectively. A n ( r) represents the contributions of the n th mode. In our system, Q n 's are rather large (>120) so that when ω is close to ω n , the response of the plate is dominated by mode n. Figure 2 (b) plots U ( r 1 ) and V ( r 1 ) measured at one particular location r 1 at the left edge of the plate (marked in the inset) for mode 13. Since the displacement of mode 13 is negative (towards the thick plate) at r 1 , both U ( r 1 ) and V ( r 1 ) pick up an extra negative sign when compared to the response of a driven harmonic oscillator.
The insets of Fig. 3(a) shows the normalized spatial distribution s n ( r) of a few modes (n = 4, 5, 7) calculated with finite element analysis. They are in good agreement with the measured s n ( r) that is excited by the incident microwave with intensity modulated at ω n [insets in Fig. 3(b) ]. Unless otherwise stated, the microwave frequency is fixed at the resonant value of 14.57 GHz. The microwave power is 250 mW.
The main plot in Fig. 3(a) shows the ω dependence of the calculated vibration amplitude
at a point r 1 on the edge of the plate (marked by the black dot in the inset). For each mode, A n ( r) is determined by the overlap of the mode profile s n ( r) with P 0 ( r):
In other words, the relative heights of the peaks in Fig. 3(a) depend on the spatial distribution of the applied stress P 0 ( r). Since the stress exerted by the microwave radiation is symmetric about both the X and Y axes, only vibration modes with the same symmetry can be excited. Figure 3(b) shows the measurements, with these symmetric modes plotted in red. The anti-symmetric modes (anti-symmetric about the X and/or Y axis) are plotted in blue. They are dark modes in the numerical simulations, as shown by their absence in Fig. 3(a) . In experiments, our device is not perfectly symmetric as neither the gold plate thickness nor the gap is exactly uniform. Therefore, the anti-symmetric modes can also be excited, as plotted in blue in Fig. 3(b) .
One approach to obtain the strain induced by the EM wave is to measure the response at dc (i.e. zero modulation frequency). However, we find that as ω is reduced towards zero, photothermal effects become dominant, as evident by the rise at low frequencies depicted in black in Fig. 3(b) . At the microwave resonance, the radiation exerts strong EM stress P EM that originates from the enhanced current and charge oscillations. This current also leads to ohmic heating and thermal expansion. The thermal deformations induced by radiation are commonly associated with photothermal forces. Unlike the EM force that appears instantaneously once the radiation is turned on, the mechanical deformation induced by the photothermal force exhibits a delay. Assuming a delayed impulse response of h(t) = 1−exp(−t/τ ), the photothermal stress can be written as [31] :
where I is the intensity of the microwave and c characterizes the spatial distribution of the photothermal stress. With the contribution of the photothermal stress included, Eq. (3) is modified to:
where A EM,n and A thermal,n characterize the vibration amplitude of the n th mode excited by the EM stress and photothermal stress, respectively. The sharp increase of the vibration amplitude as ω is lowered towards zero indicates that in our device the strain induced by the photothermal stress is much larger than that of the EM stress at dc. By fitting to the low frequency region in Fig. 3(b) , we find that τ = 132 ms. Measurements at other locations yield similar values.
Our device is designed to have mode eigenfrequencies much higher than 1/τ (e.g. ω 1 = 708 Hz) so that ω n τ 1 for all modes. At modulation frequency ω∼ω n , the photothermal term in the numerator of Eq. (6) is reduced to −iA thermal,n ( r)/(ωτ ). Apart from decreasing rapidly with ω, the photothermal contribution to the vibrations lags behind that induced directly by the EM stress by an extra phase of π/2. The extra π/2 phase lag of the photothermal response in our system for ω > 1/τ allows us to exclude the photothermal contribution to the deformation for each mode and extrapolate the remaining part back to zero frequency to obtain the strain induced solely by the EM stress. Specifically, we set the modulation frequency to ω n so that the complex amplitude of vibrations described by the series summation in Eq. (6) are dominated by a single mode n:
Equation (7) shows that A EM,n ( r) can be obtained by dividing the measured vibration amplitude V ( r, ω n ) out of phase with the microwave modulation at ω n by the quality factor Q n . By measuring A EM,n ( r) for all the modes and setting both ω and A thermal,n ( r) in Eq.
(6) equal to zero, the deformation A EM ( r) induced solely by the EM stress can be obtained: setting the partial time derivatives to zero. However, this procedure involves taking fourth order derivatives and the calculated stress from our data is too noisy for any meaningful discussion. Instead, we draw a number of conclusions on the EM force/stress based on the good agreement between the measured and predicted strain. First, the imperfect cancellation of the attractive and repulsive stress produces a net EM force of 24.8 nN (for 250 mW incident microwave power), about 20 times larger than ordinary photon force due to simple reflection of photons. Second, our experiment demonstrates that the deformation of the plate is consistent with local EM stress that shows even larger enhancement. The maximum stress, exerted at location r 1 in Fig. 4(a) , is more than 600 times larger than ordinary photon pressure. These enhancements only take place at the microwave resonance when the EM waves are concentrated between the two plates. As shown in Fig. 4(c) , as the microwave frequency is tuned away from resonance, the deformation of the plate drastically decreases, in agreement with calculations. The measurements are in good agreement with the calculations in which the width of the square plate is chosen to be 9.946 mm, about 0.5% smaller than the nominal value
In summary, our experiment demonstrated that the local strain induced by the electromagnetic field on a parallel-plate resonating system is of different sign across the plate.
At certain locations, the corresponding EM induced stress is significantly stronger than the already-enhanced average pressure. We showed that EM induced stress can be characterized accurately, and in particular, our work provides a general recipe for isolating the EM stress from the photothermal stress. A better understanding of how light can deform resonating mechanical elements can open new opportunities in tunable and nonlinear meta-materials.
Similar resonant enhancement of the EM stress is also expected at optical frequencies for plasmonic cavities [16, 24] . With proper designs, strong optomechanical coupling could be generated. 
SUPPLEMENTARY MATERIAL

Measurement of local strain by fiber interferometer
The local deformation of the top plate is measured with a fiber interferometer at wavelength of 1550 nm [ Fig. 2(a) ]. Light reflected from the top plate and the cleaved end of fiber interfere and leads to intensity modulations that depend on the local plate displacement.
The optical fiber is attached to a piezo-electric actuator that maintains the time-averaged separation d between the vibrating plate and the fiber at a constant value through a PID feedback loop as the parallel-plate system is scanned in the X-Y direction by the position-ers. The separation is chosen to give the maximum slope in the dependence of the reflected light intensity on d. Output of the photodetector is measured by a lockin amplifier that is referenced to the modulation frequency ω of the microwave. Measurements were performed on an 8 mm by 8 mm square area for two reasons. First, when the fiber approaches the edges of the plate, the distance feedback may damage the fiber. Second, during fabrication a polishing step is necessary to reduce the surface roughness of the gold plate. While the 8mm by 8mm area in the center is clean and has high reflectance, some particles are generated at the edge regions where the reflectance is degraded.
Calculation of electromagnetic stress and induced strain
The calculation of the stress exerted by the microwave radiation includes two steps. First, the EM fields are calculated for exactly the geometry in the experiment using COMSOL.
Impedance boundary condition is applied taking into account the finite conductivity of gold at the microwave frequency of 14.57 GHz. The field-induced stress is then calculated using the Maxwell stress tensor approach.
Excitation of the anti-symmetric modes by photothermal forces
The local strain A EM ( r) induced by the EM radiation is obtained by summing up the contributions of each mode A EM,n ( r) using Eq. (8) . Figure S1 plots the contribution of each mode, up to n = 14. The largest contribution comes from the symmetric modes, in particular modes 4 and 5. Figure 3(d) shows that the phase of the anti-symmetric modes lags the symmetric ones by π/2, indicating that the former are excited largely by the photothermal effects of the EM radiation. One plausible reason for the photothermal contribution being more effective in exciting the anti-symmetric modes is that the thermal conductivity depends on the bulk properties of the metallic elements. For example, the thickness of the gold plate varies by up to 10% across its area. In contrast, the EM stress originates from currents and charges that are concentrated near the surface and is less susceptible to device non-uniformity. In an earlier experiment [22] , the net electromagnetic force on a metal plate with similar lateral size was detected by measuring the capacitance change to a fixed electrode. At microwave resonance, the force was measured to be enhanced by a factor of ∼ 100. In this paper, the observed force enhancement is smaller due to changes in the sample configuration.
First, the bottom plate in the earlier experiment is a gold-coated silicon wafer that is laterally much larger than the top plate. In contrast, the top and bottom plates in the current experiment have equal lateral size. Second, the direction of propagation of microwave is different. In the first experiment, the microwave horn was placed on top of the double-plate system. For the current experiment, it is necessary to move the horn to the bottom side to
give access of the top plate to the fiber interferometer. * hochan@ust.hk 
